Cellular senescence is a persistently growth-arrested phenotype in normal and transformed cells induced by noncytotoxic stress. Cytostasis as a method of cancer treatment has recently generated significant interest. Research into the induction of cellular senescence as cancer therapy has been hindered by a lack of compounds that efficiently induce this response. The authors describe a semiautomated high-throughput method to identify library compounds that induce senescence using prostate cancer cells cultured in 96-well plates. Primary hits are identified by low cell numbers after 3 days in culture, measured by Hoechst 33342 fluorescence. A secondary visual assessment of senescence-associated β-galactosidase staining and cellular morphology in the same wells distinguishes senescence from quiescence, apoptosis, and other false positives. This method was used to screen a 4160-compound library of known bioactive compounds and natural products at a 10-µM dose. Candidate compounds were further selected based on persistent growth arrest after drug removal and increased expression of previously described senescence marker genes. Four lead compounds not previously associated with senescence were identified for further investigation. This is the first successful assay to identify novel agents from compound libraries based on senescence induction in cancer cells. (Journal of Biomolecular Screening 2009:853-858) Table 1 . Senescence-Inducing Compounds Identified by High-Throughput Screening (+) and (-) are indicative of a presence and lack of antiproliferative activity, respectively, as reported previously in PubChem and in the literature.
INTRODUCTION
T here is increasing interest in the development of oncostatic compounds that prevent the growth and progression of cancers without cytotoxicity. This strategy may increase patient survival while minimizing treatment side effects and chemoresistance in prostate and other cancers. The induction of cellular senescence is one mechanism by which this effect may be achieved. 1 Cellular senescence is a general program of persistent growth arrest in response to sublethal stresses in both normal nontransformed and immortalized transformed cells. Senescent cells cease dividing, become insensitive to mitogenic and certain apoptotic stimuli, and develop a phenotype similar to replicatively exhausted cells, exhibiting a characteristic enlarged and flattened morphology and increased senescence-associated β-galactosidase (SA-β-gal) staining activity (Fig. 1A) . 1, 2 Although ongoing studies seek to identify universal markers and regulators of senescence, SA-β-gal staining remains a standard and accepted marker used to identify senescent cells.
Agents that generate oxidative stress, DNA damage, and/or stress-related signaling induce cellular senescence. These include both endogenous processes, including telomere loss, accumulated oxidative damage, dysregulated oncogene activity, and exogenous factors such as chemicals, viral oncogenes, UV light, and ionic radiation. In aging organisms, cellular senescence represents an in vivo tumor suppressor mechanism that limits the proliferation of damaged cells. 1 This frequently involves the activity of tumor suppressors p53 and pRb and increased protein expression of cyclin-dependent kinase (CDK) inhibitors p21 waf1/cip1 , p16 ink4a , and p27 kip1 . 1 Cells exhibiting SA-β-gal staining and other senescence characteristics have been observed in benign lesions, including lung adenomas, 3 melanocytic naevi, 4 and prostatic intraepithelial neoplasia. 5 A similar senescent state can be chemically induced in prostate and other cancer cell lines in vitro, independent of p53, Rb, and other tumor suppressor pathways. 6, 7 In humans, SA-β-gal staining has been observed in lung tumors 8 and breast tumors after treatment with genotoxic drugs. 9 Evidence in some studies suggests that the induction of senescence as a cancer treatment may benefit patients, including decreased incidence and severity of toxic side effects, stimulation of immune responses, and prolonged survival. 1, 10, 11 However, the investigation of drug-induced senescence in tumor models has been hampered by the lack of identified compounds that effectively induce this response.
Toward this end, we have developed a rapid semiautomated high-throughput method to screen libraries for novel compounds that induce senescence in prostate cancer cells. Cells are stained concurrently with DNA-binding Hoechst 33342 and for SA-β-gal activity, and compounds are selected on the basis of both growth inhibition associated with senescence and the phenotypic changes that result from its induction. Candidate compounds can then be further validated for induction of persistent growth arrest and expression of senescence marker genes. Using this assay, we screened a library of 4160 known bioactive compounds and natural products at a 10-µM dose, identifying 4 lead compounds not previously associated with senescence induction and demonstrating the utility of these methods.
MATERIALS AND METHODS

Compound library
Compounds used in this study were stored, maintained, and handled by the Keck - 
Duplexed cell growth inhibition/SA-β-gal assay
Biomek FX robotic high-throughput fluid-handling instruments (Beckman-Coulter, Fullerton, CA) were operated by the Keck-UWCCC Small Molecule Screening Facility (hts.wisc .edu/Index.htm). DU145 cells were cultured as previously described, 7 suspended at a density of 1 × 10 4 cells/100 µL culture medium, and 100 µL/well added to 96-well plates (Corning #3906). Library compounds were administered to cells at a final concentration of 10 µM and incubated for 3 days. Cells were then washed in warm phosphate-buffered saline (PBS), fixed, and stained for SA-β-gal activity overnight, as previously described 2 using 100 µL/well. Cells were again washed in PBS and incubated at room temperature in PBS + 10 µg/mL Hoechst 33342 (Invitrogen, Carlsbad, CA) for 10 min. Hoechst 33342 fluorescence (ex/em: 355 nm/460 nm) was measured using a Victor V-3 high-throughput stacking plate reader (PerkinElmer, Waltham, MA). In control experiments, cells were cultured in medium containing 25 nM doxorubicin (Sigma) to induce senescence, 7 and Hoechst 33342 fluorescence was measured to calculate Z′ compared to proliferating cells, as previously described. 12 In the pilot screen, wells in which fluorescence was more than 1 standard deviation (SD) below the average of 384 data points (1 drug plate) were then visually inspected by 3 independent observers to assess the intensity of SA-β-gal staining and the presence or absence of senescence morphology. Selected compounds were subsequently assessed for induction of persistent growth arrest by exposing cells to drug in 96-well plates for 3 days and then assessing growth by Hoechst fluorescence 3 days after drug removal. Doxorubicin (25 nM)-induced senescence arrest was used as a control and wells with Hoechst , identified by this study, for 3 days, fixed and stained for SA-β-gal activity overnight, as previously described. 2 Original image magnification: 400×. (B) Multistep screening strategy. Prostate cancer cell lines were exposed to a library of compounds for 3 days and fixed and stained overnight for SA-β-gal activity, followed by staining with Hoechst 33342. Compounds of interest were initially identified by decreased Hoechst 33342 fluorescence indicative of low cell numbers. These wells were then visually assessed for the extent of SA-β-gal activity and senescent morphology. fluorescence less than the average of the doxorubicin controls were visually inspected to confirm growth inhibition and development of a senescence-like morphology.
Prostate senescence marker gene expression
DU145 or LNCaP cells were cultured as previously described. 7 These cells were split to duplicate wells in 96-well plates at a density of 1 × 10 4 cells/100 µL culture medium and 100 µL/well and incubated overnight. Cells were then treated with 10 µM concentration of each selected compound and incubated for 3 days. RNA was isolated from cells and reverse transcribed, and Glb1, BRAK, CSPG2, and 18S gene expression was measured by quantitative real-time PCR (qPCR) using an iCycler thermocyler and MyiQ software (BioRad, Hercules, CA) as previously described. 7 Expression of genes in each sample was standardized to 18S measurements, and relative expression of treated samples was normalized to that of untreated cells.
RESULTS AND DISCUSSION
Method development
Our larger interests lie in the characterization and development of compounds that induce senescence in prostate cancer models. However, this requires identification of compounds with this activity. To date, efforts to identify agents capable of inducing senescence have largely focused on testing individual compounds to determine the extent to which senescence is induced. 6 Here, we describe a high-throughput method to identify compounds in chemical libraries that induce characteristics of cellular senescence in prostate cancer cells.
Development of these methods presented numerous challenges. Although the importance of many molecular pathways regulating senescence induction has been described, these mechanisms may vary among cell types and are frequently inactivated in cancers. 1 Consequently, no standard universal markers of senescence beyond SA-β-gal staining/Glb1 expression have been identified for use in cancer cells. 2, 13 As androgenindependent DU145 cells develop phenotypic senescence and SA-β-gal staining in response to chemical treatment independent of p53 and Rb, these were used as a model of advanced prostate cancer. 7 However, although these cells were induced to senescence and increased SA-β-gal staining by exposure to 25 nM doxorubicin in control experiments, this did not significantly change the OD 600 of whole or solubilized senescent cells when measured using a plate reader and thus by itself is not amenable to high-throughput screening (HTS; data not shown). Other attempts to identify senescence induction based on the expression of reporters regulated by the promoter of CSPG2, previously shown to be specifically upregulated in senescent prostate cancer cells, 7 were not significantly different in wells of proliferating or senescent cells.
Lacking a reliable individual marker of senescence, we ultimately adopted a multistep strategy based on identifying general phenotypic characteristics that define senescent cells-namely, the induction of persistent growth arrest, SA-β-gal staining, and morphological characteristics of senescent cells (Fig. 1A) .
Our method is based on the pairing of 2 compatible staining techniques that allow detection of growth inhibition and assessment of SA-β-gal activity in the same well. Cells are plated into 96-well plates, drugs are added, and after a 3-day incubation, they are fixed and stained for SA-β-gal overnight followed immediately by staining with the fluorescent DNA-binding Hoechst 33342 (Fig. 1B) . Nuclear Hoechst 33342 staining can be measured in each well using a high-throughput plate reader to quickly identify wells with decreased fluorescence, indicative of low cell number. This dual staining did not interfere with either technique (data not shown). This relatively small set of wells could then be assessed visually to determine the extent of SA-β-gal staining, further selecting compounds for additional investigation.
Control experiments were performed to demonstrate the ability of Hoechst 33342 fluorescence to discriminate proliferating cells from senescent and apoptotic cells using increasing doses of doxorubicin. Exposure of DU145 cells to 25 nM doxorubicin had been previously shown to induce senescent cell morphology and SA-β-gal activity. 7 Our repeated experiments demonstrate that doses of doxorubicin 25 nM and higher reduce fluorescence significantly (p < 0.003) when compared to untreated or 5 nM doxorubicin after 3 days of exposure ( Fig. 2A) . We then compared the fluorescence of untreated proliferating cells to cells induced to senescence (Fig. 2B) , and repeated experiments (n = 4) generated an average Z′ factor of 0.53, ranging from 0.5 to 0.6, 12 indicating a suitably high signal-to-noise ratio to identify growth inhibition using this technique. Increased concentrations of doxorubicin (100-250nM) induced apoptosis and cytotoxicity with low fluorescence similar to blank wells. Although the fluorescence of senescent cells (25 nM) is statistically different from higher cytotoxic doses (p < 0.05), the Z′ factor comparing these data was less than 0.5, indicating the need for additional analyses to distinguish senescence from cell death. Therefore, we used visual observation of SA-β-gal and cellular morphology to identify senescence in those specific wells that were growth inhibited. 2 Wells found to contain robust staining and senescent morphology (Fig. 1A) were selected for further assessment.
Pilot screen
We used this method to screen a library of 4160 known structurally diverse characterized bioactive compounds and natural products for senescence-inducing activity. After incubating cells with 10 µM of each compound or DMSO for 3 days, cells were fixed and stained and Hoechst fluorescence measured. Wells with a decrease in fluorescence greater than 1 SD of the average data resulted in 625 initial hits from the library (Fig. 3A) . Subsequent visual scoring of these wells for robust SA-β-gal expression and senescence morphology identified 226 compounds as cytotoxic at 10 µM and 51 compounds as potentially inducing senescence (1.2% of the library).
Confirmatory assays
We tested whether these compounds induce a proliferation arrest in cells that persists after drug removal consistent with senescence. Cells were plated in duplicate wells, exposed to the 51 candidate compounds for 3 days, and then allowed to recover in drug-free media for an additional 3 days. After fixing and staining, we found that cells treated with 24 of the 51 compounds maintained decreased Hoechst 33342 fluorescence less than the average of cells cultured in 25 nM doxorubicin, used as a control for senescence induction (Fig. 3B) . Visual assessment of these wells confirmed development of robust SA-β-gal staining and morphology induced by 9 compounds.
Glb1, BRAK, and CSPG2 have been used as markers for induced cellular senescence in DU145 and other cancer cell lines. 7, 13 We assessed expression of these genes in cells exposed to the 9 selected compounds. DU145 cells were treated for 3 days with 10 µM of each compound and gene expression analyzed by qPCR. Controls included untreated cells, and cells were exposed to idoxyuridine (a compound that induced a quiescent growth arrest). Cells induced to senescence with 25 nM doxorubicin were included as a positive control. Of the candidate compounds, methotrexate, cytarabine, chlorhexidine, and IC261 did not induce significant expression of all 3 markers (Fig. 3C) . This experiment was reproduced using the androgen-dependent cell line LNCaP at the 10-µM screening dose (data not shown). These genes were similarly induced in this cell line by the remaining compounds except for crassin acetate. Finally, we confirmed that senescence induction by these remaining compounds does not induce apoptosis, based on the absence of both annexin V/propidium iodide staining and cleavage of poly(ADP)-ribosyl polymerase (data not shown).
Conclusions
In summary, we have developed these methods to screen compound libraries and identify those that induce senescence. Without ideal means to develop a completely automated screen, we developed a pragmatic semiautomated approach using a high-throughput first step followed by visual assessment of individual wells of interest, achieved by dual staining with Hoechst 33342 and for SA-β-gal activity. Consolidation of these 2 assays greatly reduces the time and resources required to make this initial identification, and although not completely automated, these methods are nonetheless rapid; a subsequent screen of 16,000 was completed within a month (data not shown). The diversity of compounds identified in the later stages of selection suggests the screen is not biased toward one particular pathway or mechanism. As understanding of induced cellular senescence in cancer cells continues to develop, reliable markers of senescence may be identified that both reliably identify senescence and are more amenable to HTS methods.
Our pilot screen of a known bioactive library at a single 10-µM dose identified 4 compounds not previously associated with senescence induction (Table) . Several of these chemicals have demonstrated antiproliferative activity in cancer cell lines but have had limited in vivo testing. Mechanistically, diaziquone (AZQ) is a DNA alkylating compound with limited cytotoxic activity in solid tumor models, 14 and the Zn 2+ ionophore pyrithione induces oxidative stress. 15 Both of these cellular stresses are associated with senescence induction. The mechanisms by which bithionol and dichlorophene induce senescence remain unknown. From these, we have further characterized the senescence-inducing activity of AZQ in prostate cancer cell lines in vitro and prostate tumor xenograft models in vivo, the results of which are forthcoming (Ewald et al., in preparation). In addition, our screen identified more than 226 compounds in the library that are cytotoxic at 10-µM doses. As senescence induction has been described in response to low doses of cytotoxic compounds, these could be screened at lower doses to further identify senescence-inducing activity. In all, this development allows the advancement of investigations into the nature and regulation of induced cellular senescence in cancer cells and its utility as a means to treat and manage cancers. 
